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Dark Matter

® Many evidences for its existence.

® DM contributes 23% of the total energy budget.

® Cosmologically long lived.

ENERGY C e .
DARK ® Non-relativistic.

® (less than) weakly interacting.

DARK MATTER

/ Particle physics Standard Model

ordinary

matter contains no DM candidate.




Discover of a boson

> CMS Ys=7TeV.L=5.1 fo'\s=8TeV.L=53 m-“
® | HC found a spin-0 particle =
with mass [25-126 GeV. g !

1000}

® | ook like SM Higgs boson.
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Milestone in particle physics
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Riggs portal to DM

visible dark
sector Seclor

The Higgs boson

in addition to giving particle masses

® can mediate interactions between the two sectors.

® Jestable - we now probing the electroweak scale.



The simplest model
Add a complex scalar singlet X, odd under Z; or U(I).

L=Lgp + >\|X|2|H\2 +m%<\X\2

The WIMP miracle: initial condition nx = nx+
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The simplest model
Add a complex scalar singlet X, odd under Z; or U(I).

L=Lgnm+MNXIP|H]? + m% | X

Asymmetric dark matter: nx =nx: + A

X SM y -
S
> ! <
X1 SM
« >
freeze out

For (ov) > 1pb
()x determined by A TTT




The simplest model
Add a complex scalar singlet X, odd under Z; or U(I).

L=Lgnm+MNXIP|H]? + m% | X

invisible Higgs decay
<€

X p/n

>

direct detection

Xt p/n

Higgs boson also mediates
dark matter direct detection
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Going beyond

visible dark
sector Seclor

The dark sector may be more complicated - be open minded

will discuss two possibilities:

Higgs portal to Fermionic DM leads to an additional scalar
in dark sector, DM bound states may exist.

Higgs evolution in early universe generates asymmetries in
both DM and baryons = CP violating Higgs physics.



Fermionic dark matter

Non-renormalizable theory

1
L = Xigx + myxx + yXxH'H

If A > m,,my, repeat the same analysis and results

| focus on the opposite case, UV complete theory

L = Xi@dX + my XX + 9y XXP + (Apn @ + piond) (H H — v*/2) + V()
® SM singlet

visible

sector




Annihilation and Scattering

If mediator ¢ is lighter than the DM
Slightly different pheno

p/n

lower bound on

large enough gy decay before BBN mp JIE0 32 TG0

Requires ¢ mass to be above the "1~ threshold

M.B.Wise, Y.Z., arXiv:1407.4121, PRD



DM bound states

Additional role of the mediator ¢, self interaction

between DM particles

has astrophysical interests, might solve problems
of CDM: core/cusp, too big to fail..

| will consider a more particle physics/field theory
possibility: DM could form bound states.

@ exchange is always attractive

bound state 1 < L

condition: Oly TTy mg

X

9x

X




Stable bound states

m,= 100 GeV
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Bound state can exist in quite large parameter space

(xX) unstable.

(XX) stable, mostly form if only X particle is around. <@

Quantitative question: how many bound states exist today?

Wise, Y.Z., arXiv:1407.4121, PRD



Production in early universe

: /\,\ ﬂ
Bound state formation can happen i U il
| | e a f oy @B
® ShOI"tI)’ after freeze out if an asymmetry % /-*/
in @ number is left over. -
/dew*B (1 + —) Ve () e e
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Wise, Y.Z., arXiv:1407.4121, PRD



Production in early universe

m,= 100 GeV m,=30 GeV m,= 10 GeV
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Above red curve: bound state efficiently form in early universe

More bounds can form during non-linear structure growth.

Wise, Y.Z., arXi1v:1407.4121, PRD



Nuggets (N>>2)

Interaction through scalar exchange always attractive.
Consider bound states with N>>2, nuggets.

Degenerate Fermi gas picture

When N < o, ?/?, scaling in non-relativistic regime

Nb5/3 ozXN2 1
, = R~
R2m,, R Qty My N1/3

this regime similar to degenerate star

KE ~

Yukawa force gets weaker when relativistic
N

QT

v2 =g 253 ZC—ZU mX+gX¢(x’L) j RN
= gy ;
\/pz mX _|_ gX¢( Z))Z
Wise, Y.Z., to appear



Nuggets (N>>2)

@,=0.1,m,=100 GeV

100 -
|
10 cut off by 1/my
S T A (TTTT T
G 1l Minimi H[®o]
InNimize
< >
01 -
Minimize H[®y+® ]
10 100 1000 10? 105

N
very heavy bound states allowed

General behavior of bound states from Yukawa theory --

may have applications other than dark matter .
Wise, Y.Z., to appear



Applications to DM

Example of supermassive DM can have a thermal history.

: : 1 ov ~ N? when qR < 1
Direct detection: n, ~ — X q

only excite near Fermi surface

it gR > 1

Accretion inside the neutron star, Yukawa interaction.

To solve structure problem with self-interaction?

the story may change in case of bound states

dissipation may cause new problems.

Wise, Y.Z., to appear



Summary

UV complete Higgs portal to Fermionic DM with ¢

Attractive interaction
<> Stable bound states

nNpM — Ty n>—<20

Higgs could be the Key to generate initial asymmetries
in both dark matter and baryons

Cogenesis

visible dark
sector Seclor




Element Abundance
(Relative to Hydrogen)

Baryon asymmetric universe
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Element Abundance

Baryon asymmetric universe
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Element Abundance
(Relative to Hydrogen)

Baryon asymmetric universe
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Electroweak baryogenesis
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® B-L violation from EWV sphaleron, controlled by Higgs VEV.

® Simplest scenario: time dependent & d.o.f. from a two Higgs
doublet model.



Electroweak baryogenesis

Higgs bkg
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® B-L violation from EWV sphaleron, controlled by Higgs VEV.

® Simplest scenario: time dependent & d.o.f. from a two Higgs
doublet model.



Electroweak baryogenesis

=

< B

<0>=0 <0>=0

Bubble Wall =%

® B-L violation from EWV sphaleron, controlled by Higgs VEV.

® Simplest scenario: time dependent & d.o.f. from a two Higgs
doublet model.



Electroweak baryogenesis
Two Higgs doublet model Ly = QYy(ir2)¢3U + QYad1 D

(91) = ( vcos%/ﬁ ) ($2) = ( vsinﬁgif/ﬂ )

spacetime dependent during EWPT



Electroweak baryogenesis
Two Higgs doublet model Ly = QYy(ir2)¢3U + QYad1 D

(91) = ( vcos%/ﬁ ) ($2) = ( fusinﬁgif/ﬂ )

’ spacetime dependent during EWPT

on the bubble wall

L~ ydrvesty + h.c.

yrvtt + (9,8)tysyMe

!

Tt —nfR #O

source term in Boltzmann eqn’s



Electroweak baryogenesis
Two Higgs doublet model Ly = QYy(ir2)¢3U + QYad1 D

(91) = ( vcos%/ﬂ ) ($2) = ( vsinﬁgif/ﬂ )

. spacetime dependent during EWPT

on the bubble wall

L~ ydrvesty + h.c.

Diffuse to B+L violation by
_ B front of EW
yrvtt + (081757t bubble wall sphaleron

l nB 4
ne —me £ 0 q ?N%}Af

source term in Boltzmann eqn’s



Electroweak Cogenesis

® Observation: 2g ~ {pwm
® Conjecture: dark matter number also asymmetric.

® Same source of CPV (from CPV Higgs sector) also
couples to a DM current

L~ (auf)(JgM T ‘]g—L)
® T[heory must have two global symmetries
Ul)g-  U(1l)pwm

both broken at EVV scale, restored afterwards.

Cheung, Y.Z., arX1v:1306.4321, JHEP



The minimal model

Dark sector

Two SM singlets, oppositely charged under the U(1)pwm

L=Xpl 28X +h.c. ~ Ave'® § X +h.c.

!

X dark matter nx —Nx+ =ng« —ng %0
S partner/dark Higgs "
X ns
T T Al

Cheung, Y.Z., arX1v:1306.4321, JHEP



The minimal model

Dark sector

Two SM singlets, oppositely charged under the U(1)pwm

L=Xpl 28X +h.c. ~ Ave'® § X +h.c.

!

X dark matter nx —Nx+ =ng« —ng %0

S partner/dark Higgs
oK
S

Control the U(1)pm breaking with the dark Higgs vev.

MZIS|? 4+ Xo|S|T = (M2 + X [(S)?) [S]? + Ao (57)%57
Majorana-like mass washes out asymmetry in S

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order Parameters

%B U(l)p

U/L)pm U(1l)pm

Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order Parameters

Higgs as order

%B parameter » U(l)p |turn on <H>

SM gauge structure

U/L)pm U(1l)pm

Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order Parameters

Higgs as order

%B parameter » U(l)p |turn on <H>

SM gauge structure

New order
parameter
U)o > U(1)py  |turn off <S>
Dark Higgs S
Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Restore two symmetries

In a single step

Electroweak phase transition

O O O >
Vew

2

T
mp,(T) ~ =i, +3A° + oA+ "+ + )
2

T
mg(T) ~ —pig +3Xss” + S5 (s + )

Cheung, Y.Z., arX1v:1306.4321, JHEP



Restore two symmetries

S
| In a single step
Electroweak phase transition
O o ~ ~A. >
Vew "

2

T
mp,(T) ~ =i, +3A° + oA+ "+ + )
2

T
mg(T) ~ —pig +3Xss” + S5 (s + )

Cheung, Y.Z., arX1v:1306.4321, JHEP



History of symmetries

U(1)
breaki

U(l)g, U(1)pm
restored

® Dark matter sector helps triggering strong first order EW
phase transition.

® No effect on Higgs coupling to fermions/gauge bosons.

Cheung, Y.Z., arX1v:1306.4321, JHEP



The cogenesis picture

old phase new phase
{5)]
|<H,>|
|<H ;>

Distance from Bubble Wall

Cheung, Y.Z., arXiv:1306.4321, JHEP



The cogenesis picture

old phase

(5)]

B+L violation:
EW sphaleron in

front of bubble wall.

new phase
|<H>>|
|<H>|
\

Distance from Bubble Wall

Cheung, Y.Z., arXiv:1306.4321, JHEP



The cogenesis picture

old phase

new phase

(5)]

B+L violation:
EWV sphaleron in

front of bubble wall.

DM violation:

behind bubble wall, (5)
oscillates around 0.

temporary U(1)py breaking

|<H >

0

Distance from Bubble Wall

Cheung, Y.Z., arX1v:1306.4321, JHEP



Final relic densities

Strong annihilation via two-Higgs portal
)\lesz\GbﬂQ + Axa| X[%| ¢’

1047, XENONIT _ / R

0 50 100 150 200 250 300 350
mpm (GeV)

() : _
Op ~ aiA& Qv ~ |)\‘2A§ 5;\4 ~ 5 requires \ ~ 107°

Cheung, Y.Z., arXiv:1306.4321, JHEP



Impact on Higgs physics

® The absolute value of asymmetries depends on A¢;
Studies of 2HDM EWV phase transitions showed A& ~ &

Dorsch, Huber, No, 1305.6610; Fromme, Huber, Seniuch, hep-ph/0605242

Exciting connection early universe and Higgs physics today.

® Higgs boson as a mixture of CP even and odd components.

myg = M2
L= 7f(fu +cth + ¢riysh) f A UW (v + 2ah)W, WH

® [Effective interactions calculable

Lot = cghG™ GUNE ¢ghG™H G,
+c hF FS, + & hF“* FS,

14



Higgs sector in 2HDM-II

Higgs couplings in CPV 2HDM universal for a”.

up/down type fermions

COS (¢ COS O/, SIn o COS (v, ,
cr = , , Cp = a = cos ap sin(ff — )
sin [ cos (3
¢ = —cot Bsinay, ¢, = — tan [ sin ay
{ 125.15
CPV angles PR —————
,:; \\\\\\ EEES 2&2{ a{iv A A&%‘{ifg&%—d =35
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| T
|
.
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2 i I%uu e T e
EiSIBRIIE . = |
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t = Cb e ‘ig
675 p— éb — O _1I . _ | \ - J
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Riggs couplings

CMS Preliminary s=7TeV,L<5.1f0" {s=8TeV,Ls 19.61b"
C _ C | 0 SMHiggs @ Fermiophobic [ Bkg. only
t b| 2f T
: 2/ 95% G\
/ S | =
B \ Ho1t
1
: +
>4 H— bb
o &
-7 —
i Byt
2 R ' a
0 0.5 1 1.0

® Rescale existing couplings in SM. Overlooked the
CP violating direction.

® | will show there is still sizable room for CPV.



Global Fit to Higgs data

Combined, tan =0.6 Combined, tan =10 Combined, tan ,B 5
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® Strong constraint on: a ~ 8 — 7/2 (alignment)

® |arge room if turn on CPV in such limit and tan § =

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Electric dipole moment

® Strong constraint on CPV Higgs-photon coupling.

McKeen, Pospelov, Ritz, arXiv: 1208.4597
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® | will show in 2HDM-I|, cancelations can naturally
happen to suppress the EDM.

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Higgs Fit + EDM constraints

Combmed tan ﬁ 0. 6 Combmed tan ﬂ 1.0 Combined, tan =5
- | ’ 1.0‘,‘1-.',’,1,1,’,?:LLI,”LQLL‘L’LLZ’:[1,",",’,’1’7".
| H Old EDM excl.
' 0.5]
ACME | ?
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s
® Higgs data and EDMs are complementary.
® Hold when nEDM bound and heavy Higgs are included.

S. Inoue, M. Ramsey-Musolf, Y.Z., arXiv:1403.4257, PRD



Connections

05 Old EDM excl.

p = Ag(TC)

0.2

0.1
0.05

0.5 1.0 1.5 2.0 2.5 3.0
tang
If Higgs boson CP violating effect is found at LHC in future,
we may be probing the theory for genesis.

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Future searches

Direct CPV: azimuthal phase shift:

® Higgs decays (also the heavy Higgs decays)

h — Z7% s 9pt9p— Whitbeck, Moriond QCD 2013

Harnik, Martin, Okui, Primolando, Yu,
1308.1094

h — vy convert to 4e Bishara, Grossman, Harnik,
Robinson, Shu, Zupan, 1312.2955

h— 7777 = 2120, 2p2v

® Production with two forward jets

PP — h + 2 ] Klamke, Zeppenfeld, '07

e Virtual Higgs effects in ¢t channel Schmidt, Peskin ‘92

® [ ook for CPV effects in heavier scalars from 2nd doublet.

Dawson, Shu, Y.Z., in progress



Conclusion

® The Higgs boson could be the key to understanding
the dark matter and baryon asymmetry.

® UV complete fermionic DM via the Higgs portal can
accommodate bound states.

® Exhibit new DM properties and pheno.

® Higgs field evolution in early universe provide new/
common origin for DM and baryon relic densities
(asymmetric).

® C(Closely connected to Higgs physics, EDM, collider.



Thank you!



